Using two-dimensional particle-in-cell simulations, we characterize the energy spectra of particles accelerated by relativistic magnetic reconnection (without guide field) in collisionless electronpositron plasmas, for a wide range of upstream magnetizations σ and system sizes L. The particle spectra are well-represented by a power law γ −α , with a combination of exponential and superexponential high-energy cutoffs, proportional to σ and L, respectively. For large L and σ, the power-law index α approaches about 1.2. Introduction. Magnetic reconnection is a fundamental plasma physics process in which magnetic field rearrangement and relaxation rapidly converts magnetic energy into particle energy [1] . Reconnection is believed to drive many explosive phenomena in the universe, from Earth magnetospheric substorms and solar flares to highenergy X-ray and γ-ray flares in various astrophysical objects. Quite often, the radiation spectra of these flares, and hence the energy distributions of the emitting particles, are observed to be non-thermal (e.g., characterized by power laws). Therefore, understanding the mechanisms of nonthermal particle acceleration and determining the observable characteristics-such as the power-law index and high-energy cutoff-of the resulting particle distribution, is an outstanding problem in modern heliospheric physics and plasma astrophysics.
Introduction. Magnetic reconnection is a fundamental plasma physics process in which magnetic field rearrangement and relaxation rapidly converts magnetic energy into particle energy [1] . Reconnection is believed to drive many explosive phenomena in the universe, from Earth magnetospheric substorms and solar flares to highenergy X-ray and γ-ray flares in various astrophysical objects. Quite often, the radiation spectra of these flares, and hence the energy distributions of the emitting particles, are observed to be non-thermal (e.g., characterized by power laws). Therefore, understanding the mechanisms of nonthermal particle acceleration and determining the observable characteristics-such as the power-law index and high-energy cutoff-of the resulting particle distribution, is an outstanding problem in modern heliospheric physics and plasma astrophysics.
Of particular interest in high-energy astrophysics is the role of relativistic reconnection-which occurs when the energy density of the reconnecting magnetic field, B 2 0 /8π, exceeds the rest-mass energy density n b mc 2 of the ambient plasma, leading to relativistic bulk outflows and plasma heating to relativistic temperatures-as a potentially important mechanism for nonthermal particle acceleration to ultra-relativistic energies (with Lorentz factors γ ≫ 1) in various astrophysical sources [2] . In particular, this process has been invoked to explain energy dissipation and radiation production in electron-positron (pair) plasmas over multiple scales in pulsar systemse.g., in the pulsar magnetosphere near the light cylinder, in the striped pulsar wind, and in the pulsar wind nebula (PWN) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In addition, relativistic reconnection in pair and/or electron-ion plasmas is believed to play an important role in gamma-ray bursts (GRBs) [13] [14] [15] and in coronae and jets of accreting black holes, including AGN/blazar jets, e.g., in the context of TeV blazar flares [16, 17] .
Since nonthermal particle acceleration is, at its essence, a kinetic (i.e., non-fluid) phenomenon, understanding it requires a self-consistent kinetic treatment, such as Particle-in-Cell (PIC) numerical simulations. While there have been a fair number of PIC studies of particle acceleration in collisionless relativistic pair-plasma reconnection [7-9, 11, 18-27] , the best evidence for nonthermal particle distributions was provided recently by [28, 29] . However, whereas these studies have focused on determining the power-law index of the nonthermal spectra, the important question of the energy extent of these power laws has not yet been systematically addressed.
In this Letter we report the results of our comprehensive two-dimensional (2D) PIC investigation of nonthermal particle acceleration in collisionless relativistic reconnection in a pair plasma without guide magnetic field. In particular, we map out the dependence of the resulting energy distribution function on the system size L and the upstream "cold" magnetization parameter
2 ) (relativistic reconnection requires σ ≫ 1). We find that relativistic reconnection produces a high energy spectrum that is well represented by a power law with exponential and super-exponential cutoffs:
As σ and L vary, γ c1 ∼ 4σ depends on σ, while γ c2 ∼ 0.1L/ρ 0 depends on L (here ρ 0 ≡ m e c 2 /eB 0 is the nominal Larmor radius).
We are particularly interested in the astrophysically relevant large-system regime, in which L is sufficiently greater than the characteristic microphysical scales of the energized plasma inside the layer, such as the collisionless skin depth d e ≡ c/ω pe = (γm e c 2 /4πn b e 2 )
1/2 and the average Larmor radius ρ e =γρ 0 . Here, γm e c 2 is the average dissipated energy per particle,γ ≃ κ B 2 0 /(8πn b m e c 2 ) = κσ/2, where κ is the relative fraction of the magnetic energy that was dissipated during reconnection; in our simulations, κ ≃ 0.6 and soγ ≃ 0.3 σ. Thus the large-system relativistic regime implies L/ρ 0 ≫ σ ≫ 1. Empirically we find that for L/σρ 0 ≫ 40 (hence γ c1 ≪ γ c2 ), the system size no longer affects the distribution of accelerated particles. We also note that reconnection in this case unavoidably proceeds in the highly dynamic plasmoid-dominated regime, in which the global layer becomes tearing-unstable and breaks up into chains of multiple plasmoids and secondary current sheets [30] [31] [32] .
Simulations. For simplicity, our present study focuses on the case of antiparallel (no guide magnetic field) reconnection. In addition, it is limited to 2D; although some important differences in the reconnection dynamics emerge between 2D and 3D, such as the development of the drift-kink instability in 3D [21] , we note that, according to [28, 29] and also to W. Daughton (2014, private communication) and J. Drake (2014, private communication), the system's dimensionality does not significantly affect the particle energy spectra at late stages. At the same time, 2D simulations are much less costly than 3D, allowing investigation of large system sizes.
We simulate domains of length L x = L y = L with periodic boundary conditions and two antiparallel reconnection layers. The two layers are set up initially as relativistic Harris current sheets [33] with a peak drifting plasma density n d (at the layer centers) that is 10 times the uniform background density n b . A small (1%) initial magnetic-flux perturbation is added to facilitate reconnection onset. Electrons and positrons in the Harris layer drift (in opposite directions) with average velocity β d c = 0.6c, and initial Maxwell-Jüttner temperature of Most of our simulations use N p = 32 particles per cell per species (with a total of 4 species for drifting and background, electrons and positrons) and a numerical grid with cell sizes ∆x = ∆y = θ d ρ 0 /2 = σρ 0 /32 ≈ 0.2δ. (except for σ = 3, where the barely-relativistic particles allowed doubling of the cell size to ∆x = θ d ρ 0 without sacrificing accuracy). These parameters ensure that the total energy (which is not rigorously conserved in our PIC simulations) varies by less than 1%. Numerical convergence tests with respect to ∆x and N p indicate that our simulations are well resolved and, in particular, that the high-energy parts of the particle distributions are robust.
The simulation framework VSim (formerly Vorpal) [34] , employed for this study, uses an explicit electromagnetic particle-in-cell time advance, with Yee electromagnetics [35] and a relativistic Boris particle push.
To map out the power-law index α and the cutoff parameters γ c1 and γ c2 as functions of the upstream magnetization σ and the system size L, we performed simulations with σ = 3, 10, 30, 100, 300, 1000, and, for each σ, varying system sizes up to L/σρ 0 = 100 for σ = 1000, 300, up to L/σρ 0 = 200 for σ = 100, 30, 10, and up to L/σρ 0 = 400 for σ = 3.
Fitting procedure for the high-energy spectrum. In our analysis, we concentrate on the background plasma (excluding the drifting species in the initial layers); for large enough L the background plasma dominates the reconnection dynamics.
We measure the final power-law index α and cutoffs γ c1 and γ c2 by fitting the (background) particle distributions to Eq. (1) over an energy range [γ f 1 , γ f 2 ], at times after the energy distribution ceases to evolve (Fig. 1 shows an example evolution). We reduce noise by averaging distributions over time and, when possible, over multiple simulations (identical except for different random initial particle velocities). Because the fit depends on input parameters such as γ f 1 and γ f 2 , we perform many fits over a combinatorial set of reasonable inputs, and finally report the median values (over all the different fits) of α, γ c1 , and γ c2 , with error bars encompassing the middle 69% of the fits (e.g., corresponding to ±1 standard deviations, if the results were Gaussian-distributed). Thus small error bars indicate that, for the given simulation data, any reasonable fitting procedure would yield very similar results.
The measurement of the larger of γ c1 and γ c2 becomes very uncertain due to its diminishing effect on the bulk of the particle distribution. Therefore, cases with γ c1 ≪ γ c2 , which are well fit by an exponential cutoff alone, yield very uncertain measurements of γ c2 , and vice versa for cases with γ c1 ≫ γ c2 . Such uncertain measurements are omitted from graphs in this Letter.
Results. We observe a particle energy spectrum extending well beyond a thermal Maxwell-Jüttner distribution with average energy per particle equal to the observedγ, in agreement with [28] . The high-energy spectrum is a power law with a high-energy cutoff, the sharpness of which depends on the system size (see Fig. 2 ): for large L, the cutoff is an exponential, exp(−γ/γ c1 ), while for small L the cutoff is better described as a superexponential, exp(−γ 2 /γ 2 c2 ). Overall, a combination of two cutoffs, as in Eq. (1), provides an excellent universal fit.
The power-law index α(σ, L) approaches an asymptotic value α * (σ) in the large-L limit, as shown in Fig. 3 . For σ 30, this asymptotic value is approached from above, while for σ 30, it is approached from below. This behavior differs from that reported in [29] , perhaps because of a lingering effect of different initial current layers, which account for a larger fraction of the plasma when L is small. Fig. 4 shows that the large-L power-law index α * (σ) starts above 2 for small σ, and decreases at higher σ to values between 1 and 1.5, a pattern consistent with previous results [28, 29, 36] . As σ ≫ 1 grows large, α * (σ) approaches an asymptotic value of α * ≈ 1.2. Previous isolated measurements for σ 10 show values approaching 1 [18, 22, 23] , and a power-law index of 1 was predicted by [37] , based on self-consistent current and field in reconnection layers.
Whereas the behavior of the energy power-law index α in relativistic reconnection simulations has been investigated earlier, the energy extent of the power law did not receive much attention in previous studies. When α ∈ (1, 2), most particles lie in the low-energy part of the spectrum, while most of the kinetic energy resides in σ=3 σ=10 σ=30 σ=100 σ=300 σ=1000 high-energy particles. The finite energy budget fixes the average particle energyγ and hence limits the maximum extent of the power law. For illustration we consider a power law f (γ) ∼ γ −α extending between γ min and
(a special case of this formula for γ min = 1 was presented by [28] ). Taking α = 1.2, this expression simplifies to γ max /γ = (1024γ/γ min ) 1/4 . In particular, γ max can extend well beyondγ ifγ ∼ σ ≫ γ min , but the ratio γ max /γ does not exhibit a strong dependence on any of the system parameters. Our findings for σ ≫ 1 are consistent with these expectations.
When α > 2 (e.g., in the low-σ case), the spectrum could in principle extend to arbitrarily high energies since ∞ γmin γγ −α dγ is finite. Nevertheless, for σ = 3 where α * > 2, we observe γ c1 ∼ 4σ, the same as for higher σ and lower α * , as we discuss next. Figures 5 and 6 show the high-energy cutoffs scaling as γ c1 ∼ 4σ and γ c2 ∼ 0.1L/ρ 0 . Thus L/σρ 0 ≪ 40 implies γ c2 ≪ γ c1 , and a super-exponential cuts off the powerlaw at an energy determined by the system size. For larger system sizes γ c1 ≪ γ c2 , and γ c1 determines where the power law ends.
We interpret the γ c1 (σ) cutoff as a consequence of the finite energy budget of the system (since σ reflects the average upstream magnetic energy per particle). The super-exponential cutoff γ c2 (L), on the other hand, reflects the energy gain of a particle traversing the full voltage drop along the reconnection layer [38] , which is on the order of EL, where the typical reconnection electric field is E = β r B 0 (where β r ∼ 0.1-0.2 is a typical reconnection rate). That is,
We have also observed that-at least for smaller system sizes-the most energetic particles in our simulations typically have Larmor orbits that just fit within the simulation box: ρ max = γ max ρ 0 ≈ L/2. For a simulation with N ∼ 10 9 particles, we expect γ max /γ c2 ∼ √ ln N ∼ 5 (extremely weakly-dependent on N ), so this observation is consistent with γ c2 ∼ 0.1L/ρ 0 .
We note that, in an isolated case [23] , a simulation with σ ≈ 9 showed an exponential cutoff with γ c1 ≈ 4σ. Also, [37] predicted a power law index of α = 1 with an exponential cutoff at γ c ≈ 12β 2 r L/ρ 0 ∼ 0.1L/ρ 0 (here, β r ∼ 0.1 is a typical reconnection rate), which is approximately our γ c2 -essentially the voltage drop experienced by a particle traversing a reconnection layer of size L.
Discussion. The exponential cutoff at energies above γ c1 ∼ 4σ ∼ 10γ has important astrophysical implications for particle acceleration in systems such as pulsar magnetospheres, winds, and PWN, and relativistic jets in GRBs and AGNs. Our results (insofar as they are ultrarelativistic) can be generalized to relativistically-hot upstream plasmas by scaling all the energies by roughlȳ γ b , the average Lorentz factor per background particle. The upstream "hot" magnetization σ . For example, our reconnection-based model [6] [7] [8] [9] [10] for high-energy γ-ray flares in the Crab PWN [39, 40] relies upon acceleration of a significant number of particles fromγ b ∼ 3 × 10 6 to γ 10 9 . If, to achieve this, we need γ c1 > 10 9 , then direct extrapolation of the results from this Letter would require σ (hot) (1/4)γ c1 /(w/m e c 2 ) ≈ 60; this should be comparable (via scaling equivalence) to simulations presented in this work with σ ∼ 60 (corresponding to a power-law index α * ∼ 1.3). This required σ (hot) is significantly higher than what is expected in the Crab Nebula. However, our present simulations are initialized with a Maxwellian plasma, whereas the ambient plasma filling the Crab Nebula has a power-law distribution [41] , which may result in a higher final high-energy cutoff. In addition, here we analyzed the entire spectrum including all background particles, while [27] suggested that the bright flares observed in the Crab Nebula are caused when reconnection preferentially focuses the highest-energy particles into tight beams, which therefore have energy spectra that differ from the entire spectrum.
Conclusion. We ran a series of collisionless relativistic pair-plasma magnetic reconnection simulations with no guide field, covering a range of system sizes L and upstream magnetizations σ ≥ 3. We observed acceleration of the background plasma particles to a nonther-
, where γ c1 ∼ 4σ is determined by the available magnetic energy per particle, and γ c2 ∼ 0.1L/ρ 0 is determined by the maximum voltage drop that a particle can experience. Thus, reconnection accelerates particles up to energies proportional to L only in small systems, L ≪ 40σρ 0 , corresponding to γ c2 ≪ γ c1 . In the opposite limit, when L/σρ 0 ≫ 40 and hence γ c1 ≪ γ c2 , the system size no longer affects the accelerated particle distribution. Also, as L becomes large, the power-law index α(L, σ) asymptotically approaches α * (σ), which in turn decreases to ≈ 1.2 as σ → ∞.
